1. Introduction {#sec1}
===============

Per- and polyfluoroalkyl substances (PFAS) are a group of man-made pollutants that pose an emerging risk to the water sector, challenging established practices such as recycling and environmental discharges. They are omnipresent in water, air, food, wildlife, and humans, are resistant to typical environmental degradation processes, and can have negative impacts on exposed organisms \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10]\]. Most PFAS are recalcitrant through conventional water treatment processes and, therefore, wastewater effluents can contain PFAS that has originated from domestic and industrial sources \[[@bib11], [@bib12]\]. Understanding the sources of PFAS to the environment is of high importance in Australia due to the recently recommended perfluorooctane sulfonic acid (PFOS) guideline value for 99% species protection of 0.23 ng L^−1^ in aquatic ecosystems in the PFAS National Environmental Management Plan [@bib13].

The unique and useful chemical and physical properties of PFAS have resulted in many commercial applications, such as stain-resistant coatings, water-resistant fabrics, metal plating paints, pesticides, fluoropolymers, greaseproof paper, and aqueous film-forming foams (AFFF) used in firefighting, amongst others \[[@bib3], [@bib4], [@bib7], [@bib9]\]. Although PFAS are a broad class of compounds comprising over 4700 known PFAS [@bib10], many studies have focused on a small number of perfluoroalkyl acids (PFAAs), specifically the perfluorocarboxylic acids (PFCAs; CF~3~(CF~2~)~n~COOH) and perfluorosulfonic acids (PFSAs; CF~3~(CF~2~)~n~S(=O)OH) [@bib9]. Despite being manufactured since the 1950s, it wasn\'t until 2001 that the extent of PFAS global contamination was first demonstrated for perfluorooctane sulfonate (PFOS; C~8~F~17~SO~3~H) and perfluorooctanoic acid (PFOA; C~7~F~15~COOH) [@bib1]. Since then, PFAS have been detected in almost every wildlife sample measured [@bib14], ubiquitously in humans throughout the world [@bib15], and in most environmental compartments, including pristine locations [@bib7].

The perfluoroalkyl substances contain at least one fully fluorinated alkyl chain bonded to a functional group, whereas polyfluoroalkyl substances contain a partially fluorinated alkyl chain with a range of functional groups. In general, the sorption potential of PFAS is determined by functional group, chemical structure, and fluorinated chain length; however, for many newer PFAS, this information is not yet available. In environmental aquatic systems, the different partitioning behavior will typically result in short-chain compounds (PFCAs: ≤ C6, and PFSAs: ≤ C5) partitioning to the aqueous phase and long-chain compounds adsorbed to the solid compartments \[[@bib16], [@bib17]\]. Furthermore, some PFAS (viz. fluorotelomer alcohols, phosphate esters, etc.) are precursor compounds and will transform in the environment, forming many intermediate transformation products with PFAAs such as PFOA as terminal products [@bib18].

The growing understanding of the risks of many legacy PFAS has led to the phase-out of production of PFOS (and related compounds) and PFOA in North America (in 2000 and 2002, respectively) and an increased use of less problematic alternative compounds (such as short-chain and fluorotelomer based chemistries) [@bib4]. An example of two PFOS alternatives used as mist suppressants in metal plating are 6:2 fluorotelomer sulfonate (6:2 FTS) and the chlorinated perfluoroether sulfonate F--53B \[[@bib4], [@bib19], [@bib20]\]. In some regions, 6:2 FTS is not used as a PFOS substitute in metal plating as it cannot match the low surface tension of PFOS and approximately three to ten times the quantity is required [@bib21]. However, 6:2 FTS has found further uses as a PFOS substitute in AFFF, oil production and primarily occurs as an intermediate degradant of complex fluorotelomer-based substances [@bib4]. In initial testing by Dupont scientists, 6:2 FTS was found to show low risk to aquatic ecosystems making it a desirable substitute, however, studies on the environmental fate and effects were still needed [@bib22]. Alternatively, F-53 (6:2 PFESA) then the chlorine substituted F--53B (6:2 Cl-PFESA), have been used almost exclusively in China since the 1970s with little PFOS ever used in metal plating [@bib19]. As investigations into the fate and toxicity of F--53B progresses, it is now becoming apparent that it shows similar recalcitrance, toxicity and physiochemical properties to PFOS and is becoming widely distributed in the environment making it a less desirable substitute for PFOS \[[@bib20], [@bib23], [@bib24], [@bib25]\].

Wastewater treatment plants (WWTPs) can act as a conduit for many recalcitrant anthropogenic compounds, such as PFAS, to the environment through effluent discharges and the land application of biosolids [@bib26]. PFAS have been detected in WWTP influent, effluent and solids worldwide [@bib11]. Similar to other environmental compartments, hydrophobic partitioning in WWTPs is the dominant sorption mechanism, which results in long-chain PFAAs partitioning to WWTP solid matrices \[[@bib27], [@bib28], [@bib29], [@bib30]\]. Typical wastewater treatment processes are unable to remove PFAS from the final effluent. In some studies, concentrations of compounds such as perfluorocarboxylic acids (PFCA) and perfluorosulfonic acids (PFSA) have increased from influent to final effluent \[[@bib11], [@bib27], [@bib31]\]. The increase of PFAAs has been attributed to the degradation of the PFAS precursor compounds \[[@bib32], [@bib33]\], fluorotelomer sulfonoates (FTS) and fluorotelomer alcohols (FOTH), that have been shown to transform to stable PFAAs in WWTP sludge \[[@bib34], [@bib35]\].

The awareness of PFAS environmental contamination associated with AFFF application on government military sites, and evidence of widespread distribution in the Australian environment \[[@bib36], [@bib37], [@bib38], [@bib39], [@bib40]\], have led to the development of the Australian PFAS National Environmental Management Plan (NEMP) [@bib13]. Within the NEMP, the recommended freshwater and marine guideline values (water concentrations) for 99% species protection are 0.23 and 1900 ng L^−1^ PFOS and PFOA, respectively (HEPA 2018). As a result, there is strong interest from water industry professionals and regulators to understand the quantities of PFAS released into the environment through treated effluent, and the potential impact these emissions may have upon Australian aquatic environments.

Initial studies on PFAS emissions in Australian WWTPs have focused on the removal efficiency in two reclaimed water plants (18 PFAS measured ranging from 1.1 to 38.6 ng L^−1^) [@bib41] and one WWTP (8 PFAS measured ranging from 3 to 82 ng L^−1^) [@bib42]. An Australian-wide study measuring nine PFAS in WWTP effluent (range from n. d. to 240 ng L^−1^) and biosolids, sampled in 2016, estimated that Australian WWTPs have discharged an estimated 33 kg PFOS and 67 kg PFOA, annually [@bib37]. More recently, PFAS levels in influent over a four year period at two large Australian WWTPs (mean ∑~11~PFAS levels 57 ± 3.3--94 ± 17 ng L^−1^ at WWTP A; and 31 ± 6.1--142 ± 73 ng L^−1^ at WWTP B) were determined to have: 1) no significant difference in daily PFAS mass load between weekdays and weekends (composite samples over 7 consecutive days), 2) very few significant seasonal differences of ∑~11~PFAS (with most significant differences linked to a pulse release of PFOS at both WWTPs), and, 3) only one significantly different annual mean mass load in WWTP B over the entire four year period (linked to the same PFOS pulse event of October 2017) [@bib43].

Australian WWTPs represent a unique case as there is no reported PFAS manufacture and low rates of PFAS are imported for direct use in industries such as car manufacture, chrome plating, leather treatment, medical imaging, firefighting and in goods already impregnated (carpets, furniture, etc.) or in products containing PFAS as impurities \[[@bib13], [@bib44]\]. Furthermore, unlike many parts of the world, in Australian cities, sewer systems are closed, with separate stormwater sewers and low infiltration rates, this means rainfall has limited effect on influent PFAS composition as opposed to pulse events from industrial effluent discharge. It is, however, becoming apparent that many PFAS, including PFOS and PFOA, are present in Australian WWTP effluents and are being discharged to the aquatic environment.

The aims of this study were to measure the mass loading of PFAS (including PFAAs, FTSs, and F--53B) within solid and liquid matrices from 19 Australian WWTPs of varying size, capacity, localities and treatment types. Samples were taken from various stages within the treatment train from a range of WWTPs to determine the trends in the mass flux and partitioning of PFAS within the sampled WWTPs. Finally, the data were compared to recent work estimating the Australian annual PFAS discharge, providing important data for ongoing assessments of the potential impact of PFAS on aquatic environments.

2. Materials and methods {#sec2}
========================

2.1. Sampling {#sec2.1}
-------------

Field sampling kits including field blanks were prepared at RMIT University laboratories and shipped overnight to each WWTP. Three replicate aqueous and solid samples were collected from each of nineteen Australian WWTPs throughout 2017 ([Table 1](#tbl1){ref-type="table"}). Aqueous samples (influent, primary effluent, secondary effluent, final effluent, recycled water) consisting of either triplicate sub-samples from a single 24 h composite or three replicate grab samples were collected in 250 mL polypropylene bottles pre-rinsed with ultrapure water, methanol, and site water. Solid samples (primary sludge, secondary sludge, lagoon sludge, and one lagoon sludge dredge pile) were collected in 50 mL polypropylene centrifuge tubes. On receipt, samples were sterilized (aqueous samples with sodium azide ∼1g L^−1^ and solid samples with 2 % w/w sodium azide solution) and refrigerated until extraction.Table 1Wastewater treatment plant specifics and sample locations for replicate influent (IN), primary effluent (1E), secondary effluent (2E), final effluent (FE) and recycled water (RW). Lagoon sludge (LS) was collected from WWTPs-8, 10 and 16; primary (1S) and secondary (2S) sludge were collected from WWTPs-3, 4, 9, 17 and 18.Table 1WWTP codeTreatment descriptionMonth sampleWWTP typeInflow (ML/d)TW (%)WWTP-1screen (IN), IDEA (2E), balancing pond (FE)AUGAS6\<10%WWTP-2screen (IN), SBR, filtration, UV disinfection (FE)APRILAS13\<10%WWTP-3screen (IN), primary sedimentation (1E), aeration, secondary sedimentation (FE) - FE excess sludge and centrifuge supernatant to DAFT, then DAFT supernatant to aeration tanksAUGAS127\<5%WWTP-4screen (IN), primary sedimentation (1E), activated sludge reactors, clarifier (2E), stabilisation lagoons (FE), dissolved air floatation and filtration (RW-1), chlorination (RW-F) - secondary sludge and centrifuge supernatant to activated sludge reactorsAUGAS/LAG167\<20%WWTP-5screen (IN), bioselector, SBR (2E), balancing dam (FE) - Excess aeration sludge to processing, sludge supernatant to influentDECAS9.8\<5%WWTP-6screen (IN), bioselector, oxidation ditches (1E), clarifiers (FE), tertiary filters, UV disinfection (RW) - Excess secondary sludge to aerated storage tanks, and centrifuge supernatant to influentSEPTAS4.9\<5%WWTP-7screen (IN), bioselector, oxidation ditches (1E), clarifiers (FE)OCTAS2.7\<5%WWTP-8screen (IN), aeration pond, maturation pond (FE)DECLAG1.59\<5%WWTP-9screen (IN), primary sedimentation (1E), aeration (2E), balancing dam, media filtration, ozone, UV disinfection, chlorination (FE)SEPTAS330\<20%WWTP-10screen (IN), aeration pond (1E), maturation pond (FE)OCTLAG1.9\<10%WWTP-11screen (IN), bioselector, oxidation ditches (1E), clarifiers (FE) - centrifuge supernatant to bioselectorNOVAS10.2\<5%WWTP-12(IN), screen, bioselector, SBR with alum addition (1E), balancing dam (FE), tertiary filters, chlorine disinfection (RW) - excess secondary sludge to digesters, digester and centrifuge supernatant to influentSEPTAS3.2\<5%WWTP-13screen (IN), bioselector, oxidation ditches (1E), clarifiers (FE) - Excess secondary sludge to DAFT, DAFT and centrifuge supernatant to bioselectorNOVAS5.5\<5%WWTP-14(IN), screen, bioselector, SBR with alum addition, balancing dam (FE), tertiary filters, chlorine disinfection (RW) - excess secondary sludge to aerated storage tanks, and centrifuge supernatant to influentDECAS1.5\<5%WWTP-15screen (IN), Imhoff tank, primary pond, secondary ponds (2E), alum dosing, polishing pond (FE), UV disinfection (RW), chlorinationNOVLAG1.5\<5%WWTP-16(IN), screen, Anaerobic ponds (1E,1E), facultative ponds, maturation ponds (FE)AUGLAG3.7\<5%WWTP-17screen (IN), primary sedimentation (1E), aeration, secondary sedimentation (FE) - excess secondary sludge and centrifuge supernatant to DAFT, then DAFT supernatant to primary sedimentationSEPTAS59\<10%WWTP-18screen (IN), primary sedimentation (1E), SBR (2E), balancing dam (FE) - centrifuge supernatant and excess SBR sludge to DAFT, then DAFT supernatant to Primary sedimentation tanksAUGAS143\<10%WWTP-19(IN) anaerobic ponds, aerobic ponds, clarifiers (2E, 2E), maturation ponds (FE), polishing pond (RW-1), UV disinfection, chlorine disinfection (RW-F)SEPTAS/LAG498\<30%[^1]

2.2. Chemicals and standards {#sec2.2}
----------------------------

The compounds quantified in this study were the perfluorocarboxylic acids (PFCAs): PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUdA, PFDoA, PFTrA & PFTeA; the perfluorosulfonic acids (PFSAs): PFBS, PFPeS, PFHxS, PFHpS, PFOS, PFDS; the fluorotelomer sulfonates 6:2 FTS, 8:2 FTS, and the chlorinated perfluoroether sulfonic acids (components of the commercial product F--53B): 6:2 Cl-PFESA (F--53B) and the F--53B impurity 8:2 Cl-PFESA (full compound details and MS/MS transitions listed in Table S1). These compounds were selected as PFCAs and PFSAs have previously been demonstrated to be present in Australian WWTPs and need further baseline data \[[@bib37], [@bib41], [@bib42]\]. The FTSs were selected as 6:2 FTS has been demonstrated as present in AFFF formulations impacting WWTPs [@bib33], used as a PFOS replacement [@bib4] and there is little current published Australian data on FTSs. Furthermore, the F--53B components are an emerging contaminant in China due to substitution for PFOS in chrome plating [@bib20]. As Australian is part of the Asia Pacific region, and Cl-PFESAs have been detected in WWTPs in China \[[@bib19], [@bib24]\] it was included in this study to determine if there is an emerging risk in Australia.

Analytical standards and isotopically labeled analogues of PFAS were purchased from Wellington Laboratories (Ontario, Canada) as solutions of 50 μg mL^−1^ in methanol. Stock solutions of 100 ng mL^−1^ for native PFAS and 100 ng mL^−1^ for surrogate PFAS were prepared gravimetrically in methanol for spiking.

The solvents methanol (LC-MS grade, Honeywell, USA and LiChrosolv hypergrade, Merck Millipore, Australia) and ultrapure water (pH 8, Merck Millipore, Australia) were tested for PFAS contamination prior to use. Ammonium hydroxide solution (28% in H~2~O, ≥ 99.99%), sodium acetate, glacial acetic acid and ammonium acetate (≥99.99%) were purchased from Sigma-Aldrich (Australia). The dispersive solid-phase extraction sorbents (d-SPE), sorbents C18, and primary secondary amine (PSA) were purchased in bulk from Agilent Technologies (USA).

2.3. Aqueous sample extraction {#sec2.3}
------------------------------

Aqueous samples were extracted using similar methods outlined in Szabo, Coggan [@bib40], Hepburn, Madden [@bib45] and Coggan, Anumol [@bib46]. Briefly, samples were filtered using 1 μm glass fibre filters (Merck Millipore, Australia), spiked with 5 ng of isotopically labelled PFAS, followed by solid-phase extraction (SPE) using Oasis weak anion exchange (6 mL, 150 mg WAX) cartridges with 15 mL polypropylene centrifuge vials used as collection vessels. Cartridges were conditioned sequentially with 4 mL 0.1% (v/v) ammonium hydroxide in methanol, 4 mL methanol, and 4 mL ultrapure water. The entire sample was passed through the cartridge under vacuum at approximately one drop per second, then washed with 4 mL of a pH 4 buffer (sodium acetate/acetic acid) and dried under vacuum for 10 min. SPE cartridges were eluted using 2 mL of methanol that was used to rinse the sample bottle, followed by 4 mL of 0.1% (v/v) ammonium hydroxide in methanol. Extracts were evaporated to 500 μL under a gentle stream of nitrogen (at 25 °C) and reconstituted to 1 mL in methanol and transferred to a polypropylene chromatography vial with polyethylene lid for analysis.

2.4. Solid sample extraction {#sec2.4}
----------------------------

Freeze-dried sludge samples (0.5--1 g) were spiked with 25 ng of isotopically labelled PFAS before adding 4.65 mL of 10 mM NaOH in methanol. Samples were sonicated for 30 min and shaken overnight for 12 h. Extracts were neutralized with 100 μL of glacial acetic acid and cooled on ice. Five mL of extract was then transferred to a 15 mL polypropylene (PP) tube before adding 100 mg of C18 and 50 mg primary secondary amine (PSA) to remove interfering compounds. Extracts were agitated for approximately 1 min and centrifuged (10,000 rpm, 10 °C, 10 min), with this process repeated twice. Finally, extracts were filtered using a 0.45 μm PES syringe filter (pre-rinsed with LC-MS grade methanol) into a propylene chromatography vial with polyethylene lid for analysis.

2.5. Instrumental analysis {#sec2.5}
--------------------------

The analysis was performed using liquid chromatography-tandem mass spectrometry (LC-MS/MS) on an Agilent 6495B mass spectrometer coupled with an Agilent 1290 II Infinity liquid chromatograph optimised for PFAS analysis. Twenty-one PFAS compounds were quantified using isotope dilution. A surrogate compound for each PFAS was set as a mass-labeled compound from a similar class and/or close elution time. For compounds where two or more transition ions were present, the transition with the highest response was set as the quantifier, with others set as qualifier ions. The branched plus linear isomers of PFPeS, PFHxS, PFHpS, and PFOS were quantified using linear-only calibration standards and reported as a combined branched plus linear concentration.

The twenty-one PFAS quantified in the analytical method are listed in the supplementary information (Table S1). The method employed dynamic multiple reaction monitoring (dMRM) and a 2 μL injection, in negative ESI mode. MS parameters were: gas temperature 250 °C, gas flow 11 L min^−1^, Nebulizer 25 psi, sheath gas temp 375 °C, sheath gas flow 11 L min^−1^, capillary voltage 2500 V, high pressure ion funnel RF 90 V and low pressure ion funnel RF 60 V. Separation was achieved using a Zorbax eclipse plus RRHD C18 column (3.0 × 50 mm, 1.8 μm, Agilent Technologies, USA) with a guard column attached. Gradient elution with the solvents 5 mM ammonium acetate in ultrapure water (A) and methanol (B) at 400 μL min^−1^ was performed, and the first 1.5 min was diverted to waste (t~0~ = 10% B; t~0.5~ = 10% B; t~2.5~ = 55% B; t~9~ = 90% B; t~9.5~ = 100% B; t~11.5~ = 100% B; t~11.6~ = 10% B; t~14~ = 10% B). A delay column (Zorbax Eclipse Plus C18 RRHD, 4.6 × 50 mm, 3.5 μm, Agilent Technologies, USA) was installed between the solvent mixer and injector module to delay instrument PFAS contamination.

2.6. Quality control {#sec2.6}
--------------------

Linear calibration curves were prepared by gravimetric dilution of a mixed PFAS standard solution (100 ng mL^−1^ in methanol) with methanol to 9 levels with r^2^ \> 0.99. Limit of quantification (LOQ) was set as the lowest calibration point multiplied by four and ranged from 0.1 to 0.6 ng L^−1^ depending on the compound type and gravimetric dilution. Limit of detection (LOD) was set as the instrument detection limit (IDL), varied on a compound-by-compound basis, and ranged from 0.01 to 0.1 ng L^−1^. IDL and instrument variability was determined using similar methods to Coggan, Anumol [@bib46] on the same instrument and using the same instrument configuration.

A field blank was prepared with every kit, transferred to a clean bottle on-site and then extracted concurrently with samples. Field blanks were extracted within the same batches as samples and matched with corresponding WWTPs. Only one compound (PFBA) was detected above LOD in field blanks from treatment plants WWTP-7 and WWTP-17; due to this, PFBA results for these two treatment plants were set as \< LOD.

Aqueous samples were extracted in batches containing two method blanks and a laboratory control sample (LCS). Laboratory control samples consisted of ultrapure water spiked with a native PFAS mixture containing all measured compounds at a mass of 5 ng, 1 ng or 0.25 ng. Mean recovery of all compounds in LCS samples ranged from 80 to 120% with s.d. \< 15%, except for PFDS (72%, s.d. 13%), 8:2 Cl-PFESA (73%, s.d. 7%), PFTrA (70%, s.d. 6%) and PFTeA (76%, s.d. 6%) (Table S2). Solid LCS samples consisted of acid-washed sand spiked with 10 ng of PFAS and extracted alongside batches of 12 samples. Mean recovery of all compounds in LCS samples ranged from 80 to 120% with s.d. \< 15%, except for 6:2 FTS (61% s.d. 8%). Method blanks returned less than the limit of detection (\<LOD) for all batches. The use of ultrapure water and acid-washed sand as laboratory control samples may not adequately represent WWTP matrices (and the associated interferences) and present some uncertainty with analytical results. However, similar methods have been successfully employed in WWTP matrices in other studies \[[@bib32], [@bib46], [@bib47]\] and overall we considered the QA/QC results provided an acceptable assurance of the quality of the data set for this study.

2.7. Data processing {#sec2.7}
--------------------

Quantitation was carried out using MassHunter QQQ quantitative analysis software (version 08.00, Agilent Technologies, USA). Descriptive statistics were computed using pooled data from all samples.

Statistical analysis was carried out using R [@bib48]. Data visualizations were also produced in R [@bib48] using the packages reshape2 [@bib49] and ggplot2 [@bib50].

To compare distribution coefficients to those previously published in Eriksson, Haglund [@bib32] and Sun, Zhang [@bib51], similar estimation methods were employed. This calculation method is only an approximation as it assumed that the concentration of PFAS in solids and liquids at the sampled location were in equilibrium and does not consider the differences in effluent and sludge retention times. Distribution coefficients (log K~d~) were calculated for the compounds PFHxA, PFHxS, 6:2 FTS, PFOA, PFNA, PFOS, and PFDA. Distribution coefficients were only calculated for these compounds at sample locations where both aqueous and solid samples were above the limit of quantitation.

Due to non-normal distributions, data for 11 compounds were first log~10~-transformed. Pearson correlation coefficients were computed using the transformed, pooled, influent and pooled final effluent data. Linear mixed-effects analysis was performed on the transformed data using the R package lme4 [@bib52]. P-values were obtained by likelihood ratio tests of the full model with treatment stage (influent and final effluent) included against the model without the effect in question. PCA analysis was performed on the untransformed data for the 11 compounds plus percentage trade waste and daily inflow using the correlation matrix (standardised) and visualised in R using the package factoextra [@bib53] and ggplot2 [@bib50].

3. Results and discussion {#sec3}
=========================

3.1. PFAS in WWTP matrices {#sec3.1}
--------------------------

Twenty-one PFAS from four classes (PFCA, PFSA, FTS, Cl-PFESA) were measured in aqueous (n = 201) and solid (n = 51) samples from the 19 Australian WWTPs. PFAS were detected in all samples from all matrices. The summary statistics are presented in [Table 2](#tbl2){ref-type="table"} and the data is further provided in the Supplementary Information, Table S3, and Table S4.Table 2Summary statistics for pooled aqueous (n = 201, triplicates from 67 individual locations within 19 WWTPs) and pooled solid (n = 51, triplicates from 5 primary and secondary sludge locations, 6 lagoon sludges and a lagoon dredge pile) samples. The sum of branched plus linear isomers was reported for PFPeS, PFHxS, PFHpS, and PFOS.Table 2Aqueous samples (ng L^−1^)Solid samples (ng g^−1^ dw)MedianMeans.d.minMaxDetect (%)MedianMeans.d.minmaxDetect (%)PFBA5.81333\<LOQ370100%\<LOD0.450.91\<LOD4.129%PFPeA5.38.38.8\<LOD4796%\<LOD\<LOQ\<LOD5.220%PFHxA1621171.492100%0.921.92.8\<LOD1382%PFHpA5.06.15.1\<LOD34100%\<LOQ0.300.66\<LOD4.154%PFOA1119191.091100%\<LOQ2.64.4\<LOD2584%PFNA0.600.921.1\<LOD6.697%\<LOQ0.200.29\<LOD1.150%PFDA1.32.32.9\<LOD1898%0.605.17.7\<LOD2684%PFUdA\<LOD\<LOQ\<LOD\<LOQ12%\<LOQ\<LOQ\<LOD1.254%PFDoA\<LOD0.470.55\<LOD4.249%0.483.85.9\<LOD2094%PFTrA\<LOD\<LOQ\<LOD\<LOQ19%\<LOQ0.320.48\<LOD1.870%PFTeA\<LOD0.270.19\<LOD2.025%\<LOQ0.691.1\<LOD4.690%PFBS2.54.04.9\<LOD3398%\<LOD0.832.0\<LOD9.344%PFPeS\<LOQ1.94.1\<LOD2777%\<LOD\<LOQ\<LOD2.314%PFHxS3.11331\<LOD20095%\<LOQ1.12.8\<LOD1750%PFHpS\<LOQ0.861.7\<LOD1176%\<LOD0.290.67\<LOD3.326%PFOS7.21524\<LOD14099%4.71424\<LOD9094%PFDS\<LOD0.210.13\<LOD1.123%\<LOD0.782.1\<LOD9.842%6:2 FTS2.47.312\<LOD6199%\<LOD0.260.69\<LOD2.726%8:2 FTS\<LOQ0.531.1\<LOD9.282%\<LOD0.731.6\<LOD6.942%6:2 Cl-PFESA\<LOD\<LOQ\<LOD\<LOQ4%\<LOD\<LOQ\<LOD\<LOQ16%8:2 Cl-PFESA\<LOD\<LOD\<LOD\<LOD0%\<LOD\<LOQ\<LOD\<LOQ8%∑~21~PFAS801109.352012342.0130

### 3.1.1. Aqueous matrices {#sec3.1.1}

The mean ∑~21~PFAS in aqueous samples was 110 ng L^−1^ (median: 80 ng L^−1^; range: 9.3--520 ng L^−1^) ([Table 2](#tbl2){ref-type="table"}). The highest concentration measured in aqueous matrices for any compound was 370 ng L^−1^ for PFBA in final effluent at WWTP-12. PFBA has been used as a short-chain PFAS substitute for some PFCAs [@bib54]. The high concentration of PFBA in final effluent and distribution within the sampled WWTPs may reflect current PFBA use.

Eleven of the 21 compounds were detected in \>90% of samples (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFBS, PFHxS, PFOS, 6:2 FTS), and these were used in the subsequent statistical analysis of influent and final effluent. Mean concentrations in aqueous samples followed the trend: PFHxA \> PFOA \> PFOS \> PFHxS \> PFBA \> PFPeA\>6:2 FTS \> PFHpA \> PFBS \> PFDA \> PFPeS \> PFNA \> PFHpS\>8:2 FTS \> PFTeA \> PFDS. Mean concentrations of PFAS in aqueous samples were similar to concentrations previously reported for Australian WWTP aqueous samples \[[@bib37], [@bib41], [@bib43]\]. To date concentrations of PFBA and 6:2 FTS have not been widely reported in Australian WWTPs. PFBA and 6:2 FTS have been used as C8 substitutes and are end-stage and intermediate metabolites (respectively) of many PFAS, their prevalence in the studied WWTPs may be an indicator of changing PFAS use trends in Australia.

WWTP-2 had the highest ∑~21~PFAS in influent and final effluent, with concentrations of 410 and 520 ng L^−1^, respectively. Major contributors to ∑~21~PFAS loading at WWTP-2 were PFHxS (influent 130 ng L^−1^, effluent 190 ng L^−1^) and PFOS (influent 120 ng L^−1^, effluent 130 ng L^−1^) ([Fig. 1](#fig1){ref-type="fig"}). The WWTP operator reported that approximately 45% of the inflow at WWTP-2 is attributed to baseflows, and largely a result of groundwater infiltration. Furthermore, WWTP-2 is within a highly industrialised catchment which may be causing elevated ∑~21~PFAS levels in both groundwater and influent. Final effluent from WWTP-2 is mixed with reverse osmosis (RO) reject water. The RO process is an effective long-chain PFAA treatment, removing them from effluent then partitioning them to the RO reject water [@bib41]. Therefore, the re-introduction of RO reject water at this WWTP is likely contributing to the elevated PFAS concentrations observed in the final effluent.Fig. 1Mean PFAS concentration (n = 3 replicates) in 19 WWTPs from influent (top panel) and final effluent (bottom panel) sampling points. PFUdA, PFTrA, 6:2 Cl-PFESA and 8:2 Cl-PFESA are not plotted as all values were \<LOQ.Fig. 1

### 3.1.2. Solid matrices {#sec3.1.2}

PFAS were detected in all WWTP solid samples, and the mean ∑~21~PFAS in solid samples was 34 ng g^−1^ dw (median: 12 ng g^−1^ dw; range: 2.0--130 ng g^−1^ dw) ([Table 2](#tbl2){ref-type="table"}). Mean concentrations of PFAS in solids followed the trend PFOS \> PFDA \> PFDoA \> PFOA \> PFHxA \> PFHxS \> PFBS \> PFDS\>8:2 FTS \> PFTeA \> PFBA \> PFHpA \> PFHpS\>6:2 FTS. The compounds PFOS, PFDoA, and PFTeA were detected in \>90% of samples, while the compounds PFOA, PFDA, PFHxA, and PFTrA were detected in 70--90% of solid samples. Six of the seven compounds with detection frequencies above 70% had a carbon chain length of eight or higher. The increased partitioning of PFAS to the solid phase within WWTPs has been associated with increasing fluoroalkyl chain length \[[@bib11], [@bib51], [@bib55]\]. The calculated mean partitioning coefficients from this study reflected this trend, increasing with increased fluoroalkyl chain length, and were higher in PFSAs compared to PFCAs of similar carbon chain length; except for 6:2 FTS which displayed the lowest mean partitioning coefficient, being primarily partitioned to the aqueous phase (Table S5).

The highest mean concentration found in WWTP solids was for PFOS (mean: 14; median: 4.7; range \< LOD - 90 ng g^−1^ dw). The lagoon-based treatment plant sludge and AS primary sludge displayed low PFAS concentrations compared to AS secondary sludge. The process of concentrating and recycling AS secondary sludge through the treatment process, combined with the aeration/agitation provided, likely facilitates increased secondary sludge PFAS concentrations.

### 3.1.3. Detection of the PFOS alternatives 6:2 FTS and F--53B {#sec3.1.3}

6:2 FTS was detected in 99% of aqueous samples (mean 7.3 ng L^−1^) and 26% of solid samples (mean 0.26 ng g^−1^ dw), At three of the larger WWTPs (-9, 330 ML day^−1^; -18, 143 ML day^−1^; and -19, 498 ML day^−1^), elevated total PFAS loading was a result of increased 6:2 FTS in influent (56, 23 and 38 ng L^−1^, respectively). 6:2 FTS has been employed in aqueous film-forming firefighting foam (AFFF) in mixtures with fluoroalkylthioamido sulfonates [@bib56], used as a PFOS replacement in metal plating applications [@bib57] and is a transformation intermediate in the degradation of more complex fluorotelomer-based compounds [@bib4]. High concentrations of 6:2 FTS in WWTP effluents have been associated with AFFF use in catchments in the USA [@bib33]. It is possible that elevated levels of 6:2 FTS observed may be associated with AFFF use or PFOS substitution in metal plating, however, it more likely indicates the presence of a range of not yet measured precursor compounds with 6:2 FTS as an intermediate degradation product.

The compound 6:2 Cl-PFESA was only detected in 4% of aqueous samples and 16% of solid samples between LOD and LOQ ([Table 2](#tbl2){ref-type="table"}). The compound 8:2 Cl-PFESA was not detected above LOD in any aqueous sample, and in 8% of solid samples between LOD and LOQ. These compounds have been demonstrated as the major components of the commercial product F--53B after purification, with a reported 6:2 Cl-PFESA content of 77.6% and 8:2 Cl-PFESA comprising an unreported percentage of the remaining fraction [@bib19]. F--53B is used as a PFOS alternative for mist suppression in metal plating applications used in China that has recently been detected in Chinese WWTPs and the environment \[[@bib19], [@bib24], [@bib25]\]. In Australia between 2006 and 2007, 99% of the directly imported PFOS was for use as a mist suppressant in metal plating which is listed as an approved, essential use [@bib58]. The Australian metal plating industry has no need to switch to alternatives like F--53B as PFOS is still approved for use. The low F--53B concentrations detected in this study may be a result of contamination of products sourced from markets that utilise F--53B.

### 3.1.4. Distribution within WWTPs {#sec3.1.4}

PFAS concentrations generally increased in both aqueous and solid matrices through the wastewater treatment process ([Fig. 2](#fig2){ref-type="fig"}). The mean concentration of ∑~21~PFAS increased as wastewater treatment progressed from influent, to primary effluent, secondary effluent, final effluent and recycled water (76, 89, 140, 140 and 120 ng L^−1^, respectively). PFCA concentrations in aqueous samples also increased from influent to final effluent, with levels persisting in recycled water, whilst PFSA concentrations within treatment plants varied. In influent, PFOS had the highest mean concentration (17 ng L^−1^) (Table S4). PFOA had the highest mean concentration in primary effluent (23 ng L^−1^), displaying an increase from mean influent concentration (7.9 ng L^−1^). PFHxA had the highest mean concentration from pooled aqueous samples in secondary effluent, final effluent, and recycled water; increasing in concentration from influent to primary, secondary and final effluent and recycled water (11, 16, 28, 28 and 32 ng L^−1^, respectively).Fig. 2Boxplots of pooled data from 19 WWTPs for A) PFCAs (perfluorocarboxylic acids); B) PFSAs (perfluorosulfonates) and FTSs (fluorotelomer sulfonates) in aqueous samples; C) selected PFAS in solid samples. Aqueous sample locations were influent (n = 57), primary effluent (n = 39), secondary effluent (n = 24), final effluent (n = 57) and recycled water (n = 24). Solid sample locations were primary sludge (n = 15) and secondary sludge (n = 15). \# indicates concentration outside y-axis range for PFBA. Asterisk (\*) indicates significant difference (\<0.01 = \*\*; \<0.001 = \*\*\*) between influent and final effluent concentrations when tested using linear mixed effects analysis.Fig. 2

Due to the delay of transmission of PFAS (caused by hydraulic retention time) within a wastewater treatment plant, the comparison of influent and effluent over the same 24-hour period may not be directly applicable. There was, however, a large variation in all PFAS concentrations between and within treatment plants from influent to final effluent. In 16 of the 19 WWTPs, ∑~21~PFAS concentrations in final effluent were greater than influent at the same WWTP, which is consistent with trends in WWTPs worldwide [@bib11]. At WWTPs-5, 6 and 9, ∑~21~PFAS concentration was greater in influent than final effluent and largely due to PFSA and FTS concentrations.

Linear mixed-effects analysis of pooled influent and effluent data confirmed that some PFAS concentrations increased between influent and final effluent ([Fig. 2](#fig2){ref-type="fig"}). Between influent and final effluent, the compounds PFPeA, PFHxA, PFHpA, PFOA, PFNA, and PFDA (all of which are PFCAs) increased significantly. A number of transformation pathways with stable PFCA endproducts are known [@bib18], this may explain some of the increase in PFCAs from influent to final effluent.

Microbial degradation of the compounds 6:2 PAP and 6:2 diPAP using WWTP aerobic microbes has been shown to produce 6:2 FTOH, which was then degraded further to PFHxA [@bib59]. Furthermore, degradation of the compound 6:2 FTOH in activated sludge has been demonstrated to produce the corresponding 5:3 acid, which is then degraded further to PFHxA [@bib34]. Little transformation of 6:2 FTOH to PFPeA was observed as the intermediary product 5:2s FTOH was likely volatilized before biotransformation could occur. This may explain the high concentrations of PFHxA compared to PFPeA (whose precursor is partitioned to the gas phase) observed in this study. PFOA has been observed as a microbial transformation product of 8:2 diPAP in soil [@bib60] and in gilthead bream [@bib61]. Furthermore, both PFOA and PFHxA have displayed net positive increases from influent to effluent, associated with diPAP and unknown PFAS precursor degradation in WWTP influent and sludge in three Swedish WWTPs [@bib32]. It is likely that similar precursor transformation processes are occurring within our studied WWTPs, contributing to increased PFCA concentrations as treatment progresses.

The concentration of PFOS, PFDA, and PFDoA was higher in sludge, compared to other PFAS (Table S4). The median concentration of PFOS, PFDA, and PFDoA increased between primary and secondary sludge from 3,8 -- 12, \<LOQ -- 17 and \<LOQ -- 14 ng g^−1^ dw, respectively ([Fig. 2](#fig2){ref-type="fig"}, Table S4). This increase between primary and secondary sludge was also reflected in the calculated distribution coefficients (Table S5); where coefficients increased between primary and secondary locations by 0.17--1.22 log units for PFOS and 0.37 to 1.34 log units for PFDA.

3.2. Trends, correlations, and transformation {#sec3.2}
---------------------------------------------

Pearson correlation coefficients were positive for all PFAS measured in influent (Figure S1). In influent, positive, strong (r \> 0.70) and significant (p \< 0.05) correlations were displayed between compounds within the same compound class PFCAs (PFHxA-PFOA, PFHxA-PFNA, PFHxA-PFDA, and PFOA-PFDA) and between PFPeA-6:2 FTS and PFPeA-PFHxS.

In final effluent, there were significant, positive, strong correlations between PFPeA-PFHxA, PFPeA-PFOA, PFHxA-PFOA, PFHxA-PFNA, PFHpA-PFHxA, PFHpA-PFNA, PFHpA-PFHxS, PFHpA-PFOS, and PFHxS-PFOS. There was only one significant negative correlation between 6:2 FTS-PFOA (r = 0.3). There were no significant correlations for the following: 1) PFBA and all other compounds; 2) 6:2 FTS and 5 of the eleven compounds; 3) PFBS-PFOA and PFBS-PFDA; 4) PFHxS-PFPeA and PFHxS-PFOA; 5) PFOS-PFPeA, PFOS-PFOA, and PFOS-PFDA. PFCAs and PFSAs were not strongly correlated in final effluent. This implies the distribution of PFCAs and PFSAs are WWTP specific and vary in final effluent independently of each other.

There were four principal components in the influent data, and five principal components in the final effluent data with eigenvalues above 1 ([Fig. 3](#fig3){ref-type="fig"}). For the influent data, the first four components explained 93.2% of the variation (47.8, 20.2, 15.9 and 7.32%, respectively). In component 1, the PFSAs (PFBS, PFHxS, PFOS), odd chained PFCAs (PFPeA, PFHpA, and PFNA), and PFHxA displayed strong associations and accounted for a large proportion of the variation within the data. Short-odd chain PFCAs (\<C8) and PFHxA have been associated as impurities, degradants and metabolites of the short-chain fluorochemistries used to replace PFOA \[[@bib4], [@bib18], [@bib62]\] Furthermore, in Australia, PFOS is still employed in approved uses and there are no current restrictions on PFHxS or PFBS [@bib13]. The strong associations of these compounds and their contribution to the observed variation in influent data may reflect Australian PFAS usage trends and PFAS loading within specific WWTP catchments. Principal component 2 showed strong associations between WWTP daily inflow, percentage trade waste, and 6:2 FTS. This strong association was largely a result of the larger WWTPs accepting a higher proportion of trade waste, however, it shows the importance of 6:2 FTS as a possible trade waste indicator in these Australian WWTPs. In component 3, PFOA and PFDA were highly associated and in component 4, PFBA was the main contributor to the variation observed. This may indicate that these three compounds behave independently of each of in respect to PFAS loading in influent.Fig. 3Heatmap of PCA results for principal components computed using the correlation matrix (scaled) and including average daily inflow and proportion of trade waste in inflow. Components with eigenvalues above 1 from influent (A) and final effluent (B) are displayed.Fig. 3

For the final effluent data, the five principal components accounted for 89.5% of the variation (39.9, 21.5, 12.5, 7.82 and 7.74%, respectively). In component 1 of the final effluent, there were strong associations between PFSAs (PFBS, PFHxS, PFOS), odd chained PFCAs (PFPeA, PFHpA, and PFNA), and PFHxA. In principal component 2, there was again a strong association between daily inflow volume, percentage trade waste, and 6:2 FTS (an intermediate degradant from C6 based precursors), with the addition of PFOA. There are many demonstrated transformation pathways with PFOA as the terminal end-product [@bib63], and the significant increase of PFOA from influent to final effluent may reflect this. The strong association of PFOA with 6:2 FTS (which showed no significant change between influent and final effluent), inflow and percentage trade waste may be a result of degradation of PFOA precursors (likely as impurities from the C6 manufacture process) associated with trade waste that are not yet measured in influent at these WWTPs. In component 3, there were strong associations between PFOS, PFHxS, PFOA, and PFDA, all of which have been used extensively in the past [@bib4]. In principle component 4, PFBA was the main contributor to variation, and behaved independently of the other PFCAs, reflecting the trend seen in influent. The compounds PFPeA and PFDA were strongly associated, accounting for a small amount of the variation in component 5.

3.3. Environmental discharge in final effluent {#sec3.3}
----------------------------------------------

Calculation of the estimated annual discharge at a WWTP from a single sampling campaign contains a high uncertainty due to daily and seasonal variation [@bib64]. In Australian WWTPs, temporal variation of PFAS in influent [@bib43] and effluent [@bib37] has been shown to be low; with observed temporal variation in influent being more likely from pulse release as opposed to seasonal factors [@bib43]. It is, however, useful to estimate annual discharge to compare to similar Australian studies. Daily discharge rates from the 19 WWTPs in this study varied greatly, were similar to previous Australian studies, similar to studies worldwide and were influenced primarily by daily inflow (and as an extension WWTP size; Table S6).

PFOS and PFOA concentrations were similar to those measured in 2014 from a study of nine PFAS in effluent from in 14 Australian WWTPs [@bib37]. In their study, they estimated a national ∑~9~PFAS discharge from Australian WWTPs as 175 kg per year in Australian WWTP effluent [@bib37]. Assuming the same annual discharge volume of 3013 GL and using mean annual discharge rates from the 19 WWTPs in this study, we calculated an estimated discharge of ∑~21~PFAS of 339 kg. When compared, their study and our study produce similar yearly mass discharged for PFOA, PFNA, PFDA, PFHxS and PFOS ([Fig. 4](#fig4){ref-type="fig"}). In our study the estimated yearly mass discharged was higher for PFHpA (8.8 vs 22 kg annually) and PFHxA (43 vs 87 kg annually). This difference may be a result of changing PFAS use patterns or bias introduced through the WWTPs selected and sampling design each study.Fig. 4Comparison of estimated annual discharge (kg) of PFAS from Australian WWTPs in this study and from Gallen, Eaglesham [@bib37].Fig. 4

The annual mass discharge of three compounds not measured in [@bib37]: PFBA, PFPeA and 6:2 FTS (25, 27 and 19 kg annually), were similar to that of PFOS calculated for both studies (26 vs 26 kg annually). If this is the case for three compounds, and as there are now over 4700 listed PFAS in the environment [@bib10], it is likely both studies have underestimated the total PFAS emissions from Australian WWTPs.

4. Conclusions {#sec4}
==============

Twenty-one PFAS from four classes (PFCAs, PFSA, FTS, F--53B) were measured in aqueous and solid samples from the 19 Australian WWTPs. PFAS was detected in every sample analysed. Many PFAS were highly correlated, suggesting similar sources of PFSAs and PFCAs and independent behavior of these compound classes within WWTPs. Statistical analyses showed an increase of PFPeA, PFHxA, PFHpA, PFOA, PFNA, and PFDA between influent and final effluent. When compared to Australian WWTP PFAS emission data measured in 2014, the estimated annual discharge for the newly reported compounds PFBA, PFPeA and 6:2 FTS (25, 27 and 19 kg annually) were similar to PFOS (26 kg annually). This demonstrated that it is likely both studies have significantly underestimated the total PFAS emissions from Australian WWTPs and future work is required to determine the risk profile of PFAS present and total PFAS loading at Australian WWTPs.

The compounds 6:2 FTS and 8:2 FTS quantified, and F--53B components 6:2 Cl-PFESA and 8:2 Cl-PFESA were detected in Australian WWTPs. 6:2 FTS was strongly associated with the proportion of trade waste in influent, was partitioned to the aqueous phase, had a similar estimated Australia-wide annual mass discharged in effluent to PFOS, and did not significantly decrease between influent and final effluent. Although the ecological risk of 6:2 FTS is considered low, there are many unknowns regarding the environmental fate and effects and its presence likely indicates the degradation of currently employed short-chain fluorochemistries. In Australia, the presence of 6:2 FTS may be an emerging concern in Australian WWTPs and aqueous environments receiving WWTP effluent.
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